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Abstract
Objective: Using high resolution cardiovascular magnetic resonance (CMR), we aimed to detect new details of left
ventricular (LV) systolic and diastolic function, to explain the twisting and longitudinal movements of the left
ventricle.
Methods: Using CMR phase contrast velocity mapping (also called Tissue Phase Mapping) regional wall motion
patterns and longitudinally and circumferentially directed movements of the left ventricle were studied using a
high temporal resolution technique in healthy male subjects (n = 14, age 23 ± 3 years).
Results: Previously undescribed systolic and diastolic motion patterns were obtained for left ventricular segments
(based on the AHA segmental) and for basal, mid and apical segments. The summation of segmental motion
results in a complex pattern of ventricular twisting and longitudinal motion in the normal human heart which
underlies systolic and diastolic function. As viewed from the apex, the entire LV initially rotates in a counter-
clockwise direction at the beginning of ventricular systole, followed by opposing clockwise rotation of the base
and counter-clockwise rotation at the apex, resulting in ventricular torsion. Simultaneously, as the entire LV moves
in an apical direction during systole, the base and apex move towards each other, with little net apical
displacement. The reverse of these motion patterns occur in diastole.
Conclusion: Left ventricular function may be a consequence of the relative orientations and moments of torque of
the sub-epicardial relative to the sub-endocardial myocyte layers, with influence from tethering of the heart to
adjacent structures and the directional forces associated with blood flow. Understanding the complex mechanics
of the left ventricle is vital to enable these techniques to be used for the evaluation of cardiac pathology.
Background
Left ventricular (LV) function is geometrically and
mechanically complex. Advances in cardiac imaging
techniques have accompanied ongoing efforts to define
the mechanisms of three dimensional ventricular motion
[1-7]. Current theories explaining LV motion are con-
troversial. The “myocardial band model” divides the
myocardium into two distinct helicoids [6,7], but fails to
explain the mechanisms of myocardial contraction after
repolarization and ventricular motion in diastole. Addi-
tionally, the embryological development of the heart,
and the failure of anatomists to separate “bands” on
anatomical dissection, have further challenged this the-
ory [8-12].
Cardiovascular magnetic resonance (CMR) has
allowed detailed evaluation of LV wall motion through-
out the cardiac cycle, using myocardial velocity encoding
techniques [13,14]. Here, we have used results from
CMR phase contrast velocity mapping with high tem-
poral resolution, to characterise longitudinal and rota-
tional movements of the left ventricle in healthy human
subjects.
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CMR scans were performed on fourteen healthy male
volunteers (age 23 ± 3 years). All subjects were non-
smokers, with no history of cardiovascular disease. The
study was conducted according to the principles of the
Declaration of Helsinki and was approved by a local
Oxfordshire Clinical Research Ethics Committee. Each
subject provided written informed consent.
CMR
CMR scans were performed using a 1.5 Tesla Siemens
Sonata clinical scanner. Pilot images, followed by hori-
zontal and vertical long axis cine images were acquired
using an SSFP pulse sequence. Cine images for navigator
gated high temporal resolution phase contrast velocity
mapping were acquired using a black blood segmented
k-space s p o i l e dg r a d i e n te c h os e q u e n c e( T R=1 3 . 8m s ,
T E=5 . 0m s ,f l i pa n g l e=1 5 ° ,b a n d w i d t h=6 5 0H z /
pixel, FOV = 400 × 300 mm, matrix = 256 × 96) [13,14].
To obtain velocity measurements, three equidistant
short-axis slices along the left ventricle were evaluated
using 3-directionally encoded, time resolved phase con-
trast velocity maps. Velocity encoding was performed by
including a phase image with no velocity encoding fol-
lowed by images with a bipolar gradient in read, phase
or slice direction after each RF pulse to the otherwise
identical sequence (venc in-plane = 20 cm/s, venc
through-plane = 30 cm/s). Acquisition was prospectively
gated, typically covering between 80 to 90% of the car-
diac cycle, meaning the contribution of atrial contrac-
tion on left ventricular motion was not possible to
assess. Post-processing was performed in the standard
fashion of subtracting the phase from the image with no
velocity encoding, followed by conversion of the phase
data into velocity maps.
The basal slice was positioned parallel to the base of
the heart, distal to the LV outflow tract. Basal, midven-
tricular and apical slices were positioned 15 to 20 mm
apart, depending on the heart size. With cardiac and
respiratory gating, each short axis acquisition took
approximately 3-5 minutes, with an average of 60-70
phases per cardiac cycle. Cardiac phases were deter-
mined, with the end systole defined as the smallest LV
cavity.
Analysis was performed using customized software
(Matlab, version 6.5; Mathworks, Natick, Mass), where
the left ventricle was divided into 16 segments (six
basal, six middle and four apical) according to the
American Heart Association model [15]. Ventricular
velocities and regional wall motion patterns were deter-
mined for all individual segments. The myocardial velo-
city results, or time varying vectors derived from all 3
directional components of velocity, have been
subdivided into “longitudinal” and “circumferential”
components (from one through-plane component, and
two in-plane velocity datasets, respectively). All myocar-
dial velocities are expressed as cm/s. Circumferential
velocities are described as clockwise or counter-clock-
wise, as viewed from the ventricular apex.
Results
Rotational motion
At the beginning of systole, all LV segments rotated in a
counter-clockwise direction, as viewed from the apex,
reaching peak velocities at the beginning of rapid ejec-
tion (Figure 1, arrow a). By the middle of the rapid ejec-
tion phase, the basal and mid-ventricular segments
(segments 1-6 and 7-12, respectively, Figure 1) reversed
their rotational motion, reaching peak clockwise veloci-
ties by the end of this phase (Figure 1, arrow c). The
apical segments, however, continued their counter-
clockwise rotation until ventricular repolarization
occurred (segments 13-16, wave d, Figure 1). Cardiac
repolarization was associated with a sudden change in
the direction of movement for apical and mid-ventricu-
lar segments, which started rotating in a clockwise
direction (Figure 1, arrow e). In most basal segments, a
brief increase in clockwise motion occurred at the
beginning of diastole (Figure 1, arrow f ). By the end of
isovolumetric relaxation, the entire ventricle was rotat-
ing in a counter-clockwise direction (Figure 1, arrow g),
with peak rotational velocities reached from the LV base
towards the apex. This wave of recoil motion was parti-
cularly prominent in anterior (1, 7) and anterolateral (6,
12) segments. Subsequently, the amplitude of the rota-
tional movement decreased with little circumferential
movement during diastasis. Average motion for basal,
mid and apical slices are provided in Figure 2.
The variation in global ventricular torsion rate, which
reflects the speed of ventricular twisting motions or the
gradient between apical and basal motion, is displayed
in Figure 3. There was little gradient between the LV
base and apex at the beginning of systole, with torsion
rates close to zero (Figure 3, arrow a). Subsequently, the
torsion rate progressively increased, peaking at the end
of rapid ejection (Figure 3, arrow b), followed by a gra-
dual decline during the phase of reduced ejection. Repo-
l a r i z a t i o nw a sf o l l o w e db yas u d d e nc h a n g ei nt h e
direction of ventricular twisting, reflected in a negative
ventricular torsion rate (Figure 3, arrow c)a n ds u b s e -
quently in negative waves on the ventricular torsion rate
graph (Figure 3, arrows d, e, f).
Longitudinal motion
At the beginning of systole, all segments moved down-
wards (towards the LV apex) along the LV longitudinal
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rapid ejection (Figure 4, arrow a). By the end of the
rapid ejection phase, the velocity of this downward
movement decreased to a plateau in basal and mid-ven-
tricular segments (Figure 4, arrow c), whilst at the apex
it reached negative values, indicating the apex was mov-
i n gt o w a r d st h eb a s eo ft h eh e a r t( F i g u r e4 ,a r r o wb).
Overall, there was little apical displacement during sys-
tole. Repolarization was followed by a steep deceleration
in downward displacement (Figure 4, arrow d)w i t ha
Figure 2 Average longitudinal and circumferential velocities for the left ventricular base, mid and apex. The entire LV rotates counter
clockwise (as viewed from the apex), followed by a series of clockwise and counter clockwise motion patterns, leading to opposing directions of
apical and basal motion during a cardiac cycle. In all slices, longitudinal motion of the heart is towards the apex during systole and towards the
base during diastole.
Figure 1 Circumferential velocity graphs for LV segments according to the AHA segment model (segments 1-6 are basal, 7-12
midventricular and 13-16 apical). The graphs represent the average values of all volunteers. Positive values show clockwise rotation as viewed
from the apex, whilst negative values represent counter-clockwise rotation. Phases of the cardiac cycle: 1 - isovolumetric contraction, 2 - rapid
ejection, 3 - reduced ejection, 4 - isovolumetric relaxation, 5 - rapid filling, 6 - diastasis, 7 - atrial systole, ED - end diastole, ES - end systole.
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motion of the ventricle, whilst the torsion rate reflects the speed at which this twisting motion occurs. The entire ventricle rotates
counterclockwise at the beginning of systole, resulting in little gradient between the LV base and apex, with the torsion rate close to zero (a).
Subsequently, as the LV base rotates in a clockwise direction, the ventricular torsion rate increases, reaching its peak value at the end of rapid
ejection (b). Then, as the clockwise velocities of the ventricular base fall during the phase of reduced ejection, the ventricular torsion rate
similarly declines. Repolarization was followed by a sudden onset of ventricular untwisting, reflected in a negative ventricular torsion rate (c).
Subsequent smaller negative waves of the ventricular torsion rate (d, e, f ) likely correspond to slightly different peaks of ventricular untwisting at
the LV base and apex.
Figure 4 Longitudinal velocity graphs for LV segments according to the AHA segment model (segments 1-6 are basal, 7-12
midventricular and 13-16 apical). The graphs represent the average values of all volunteers. Positive values show downward movement along
longitudinal axis (towards the ventricular apex), while negative values reflect upward displacement. Waves a to g - see text for ventricular motion
description, 1 - isovolumetric contraction, 2 - rapid ejection, 3 - reduced ejection, 4 - isovolumetric relaxation, 5 - rapid filling, 6 - diastasis, 7 -
atrial systole, ED - end diastole, ES - end systole.
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Subsequently, a fast recoil motion in an opposite direc-
tion occurred in all segments. This upward movement
along the longitudinal axis continued during isovolu-
metric relaxation, reaching peak velocities by the end of
this phase (Figure 4, arrow f). There was a brief decel-
eration in the upward recoil displacement at the begin-
ning of diastole (Figure 4, arrow e). During the phase of
rapid ventricular filling, the longitudinal velocity
abruptly fell in all segments (Figure 4, g) with little sub-
sequent motion along the longitudinal axis.
Both systolic and diastolic velocities were higher in
basal segments, compared with midventricular and api-
cal segments, showing greater displacement of the LV
base in a longitudinal direction. The septal segments,
which are a direct continuation of great vessels, showed
lower values of peak systolic longitudinal motion (Figure
4, wave a,s e g m e n t s2 ,3 ,8 ,9 ,1 4 )c o m p a r e dt oo t h e r
segments from the same ventricular slice. In all seg-
ments diastolic velocities were considerably higher than
corresponding systolic values, indicating rapid recoil
motion shortly after the commencement of ventricular
repolarization. Changes in overall longitudinal motion
can also be appreciated using global longitudinal strain
rate curves (Figure 5) showing the speed of myocardial
deformation in a longitudinal axis. By convention,
lengthening is represented as a positive strain value,
while shortening is represented as a negative value. A
progressive rate of longitudinal shortening was noted
with the onset of rapid ejection (Figure 5, arrow a), fol-
lowed by a relatively constant shorthening rate through-
out the rest of the rapid and reduced ejection.
Ventricular repolarization was followed by a sudden
drop in longitudinal shortening (Figure 5, arrow b), with
a subsequent peak of longitudinal lenthening in early
diastole (Figure 5, arrow c).
Discussion
These results demonstrate regional variations in circum-
ferential and longitudinal motion within the left ventri-
cular during systole and diastole. We believe this
complex pattern of LV segmental motion, demonstrated
using cardiac phase contrast velocity mapping, can be
largely explained by the anatomical orientation of cardi-
omyocytes within the left ventricle and their attach-
ments to adjacent structures.
LV rotation may be explained by the helical orienta-
tions of subepicardial and subendocardial myocytes
forming a three-dimensional mesh supported by the
fibrous matrix of the heart. As seen from the apex,
Figure 5 LV longitudinal strain rate during a cardiac cycle. Positive strain rate values correspond to LV lenthening, where negative values
indicate LV shortening. This figure demonstrates a progressive rate of longitudinal shortening with the onset of rapid ejection (phase 2),
followed by a relatively constant shorthening rate throughout the rest of the rapid and reduced ejection phases. Ventricular repolarizatioin was
followed by a sudden drop in longitudinal shortening with a subsequent peak of longitudinal lenthening in early diastole. a - peak systolic
longitudinal strain rate, b - sudden drop in longitudinal shortening rate after repolarization, c - peak diastolic longitudinal strain rate.
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traced from the apex to the base in the subendocardial
zones and in a counter-clockwise direction at the outer
surface [1,16-18]. Mathematical models have shown that
this counter-directional helical arrangement of muscle
fibers in the heart is important for equal redistribution
of stresses and strain in the heart, which helps maintain
stability whilst minimizing energy expenditure [19]. Stu-
dies on human hearts have shown the middle myocar-
dial layer is approximately parallel to endocardial and
epicardial surfaces, but oblique to those of other layers
(Figure 6A). This perpendicular orientation theoretically
provides additional strength to the myocardial wall dur-
ing simultaneous contraction and may also enable con-
tractile function of myocytes in different orientations to
be combined. The outer-surface aggregates are longer
and extend over a larger surface, thus have a greater
radius of curvature and greater moment of torque. As
such, they are likely to dominate the direction of cir-
cumferential motion. This is supported by work from
Taber et al. who showed that, due to a larger moment
arm, the outer layers have a mechanical advantage rela-
tive to the inner layers [20].
On the anterior aspect of the heart, a significant part
of the outer-surface aggregates cross the interventricular
sulcus, extending to the right ventricle, great vessels and
fibrous structures. These aggregates (labelled as type 1
in Figure 6) have been described on manual dissection
and recently using diffusion tensor magnetic resonance
imaging [17,18]. Having the longest extension onto the
anterior heart surface, they are likely to determine the
dominant direction of initial LV rotation, causing the
entire ventricle to rotate in a counter-clockwise direc-
tion, as viewed from the apex. We believe this explains
the initial counter-clockwise movement of the left ven-
tricle at the beginning of systole (Figure 1, wave a).
Similarly, contraction of myocardial aggregates limited
to the left ventricle (labelled as type 2 in Figure 6B and
6C) would result in LV torsion, i.e. in a clockwise rota-
tion of the ventricular base (Figure 1, wave c)a n da
counter-clockwise motion of the apex, as observed in
t h ev e l o c i t yg r a p h s .S i n c et h e se aggregates are shorter,
net motion only becomes apparent after the initial coun-
ter-clockwise rotation of the entire left ventricle, which
is dominated by the longer (type 1) aggregates. The con-
traction of both type 1 and type 2 aggregates together
may therefore explain the displacement of the ventricu-
lar apex anteriorly (Figure 6) and explain why the apex
beat can be palpated on the anterior chest wall.
On the posterior aspect of the left ventricle, some of
the outer surface aggregates also cross the interventricu-
lar sulcus, extending to the posterior surface of the right
v e n t r i c l e( l a b e l e da st y p e3i nF i g u r e6 C )[ 1 7 , 1 8 ] .T h e
contraction of these aggregates may contribute to the
clockwise rotation of the ventricular base during LV
ejection, provided they end within the LV wall. Addi-
tionally, any of these aggregates extending to various
support structures outside the left ventricle (great
Figure 6 Schematic representation of the spiraling orientation of cardiomyocytes, forming a three-dimensional mesh supported by
the heart’s fibrous matrix. A - cross-section, B - anterior heart surface, C - posterior heart surface, 1 - outer surface aggregates extending from
the left ventricle to the anterior heart surface, 2 - outer surface aggregates limited to the LV wall, 3 - outer surface aggregates extending to the
posterior heart surface, Ao - aorta, PA - pulmonary artery, LA - left atrium, RA - right atrium, LV - left ventricle, RV - right ventricle.
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duce a biventricular counter-clockwise rotation during
systole. Thus, contraction of outer surface aggregates,
which extend to the anterior heart surface (type 1), may
explain the initial counter-clockwise rotation of the
entire left ventricle (Figure 1, wave a), whilst the simul-
taneous contraction of the outer surface aggregates lim-
ited to the left ventricle (type 2), explains the clockwise
rotation of the LV base and the counter-clockwise
movement of the apex (Figure 1, basal segments 1-6 vs.
apical segments 13-16).
A key consideration for ventricular motion may be
which parts of the heart (predominantly basal) are teth-
ered in the mediastinum and thorax by large vascular
and pericardial attachments, and which (more apical)
are free to rotate. This is evident at the beginning of
ventricular repolarization where there is a sudden
change in movement direction occurring only at the
apex (Figure 1, wave e in apical segments 13-16), where
the net result for basal segments is a counter-clockwise
rotation, superimposed on a brief clockwise rotation of
the entire LV. A further consideration is the phasic,
directional forces (and hence possible displacements)
associated with the momentum changes of blood, parti-
cularly into the outflow tracts and great arteries in early
systole. Slight torque may be associated with accelera-
tion (and later deceleration) of blood into the helical
curvatures of the great arteries, though this relationship
is likely to be complex, so requires further evaluation.
Longitudinal motion of the LV during systole may be
explained by contraction of the predominantly longitud-
inally oriented epi- and endocardial, trabecular and
papillary myocytes. Repolarization leads to cessation of
active myocardial contraction, although minimal blood
flow still occurs at the end of reduced ejection due to
the kinetic energy of the ejected blood [21]. There are
two simultaneously occurring, and partly opposing com-
ponents which likely contribute to longitudinal relaxa-
t i o n .F i r s t l y ,a f t e rr e p o l a r i z a t i o n ,t h eL Vb a s ea n da p e x
move away from each other due to passive ventricular
untwisting, resulting in an upward displacement of the
base and a downward movement of the apex. Secondly,
the potential importance of momentum changes, which
are complex between atria, ventricles, outflow tracts and
aortic arch should be considered. The results for basal
motion would be consistent with elastic recoil, from
these structures, pulling the ventricle back to its initial
location after repolarization. The peak velocities of this
upward longitudinal motion in diastole exceeding all
other cardiac velocities during a cardiac cycle, strongly
supports this “recoil” hypothesis.
Ventricular filling is likely to have multiple contribut-
ing factors. Firstly, a passive component, where repolari-
zation leads to cessation of myocardial contraction and
to ventricular wall relaxation, allowing blood to be
expelled from the atria. Whether a suction component
results from ventricular untwisting remains controversial
[20,22]. We also believe there could be a mechanical, or
recoil component, where the left ventricle is being
pulled towards its initial location by the adjacent great
vessels and mediastinum. This would lead to fast recoil
motion against the filled left atrium and substantially
increase the pressure difference across the mitral valve,
contributing to ventricular filling.
The complex pattern of LV motion can be explained
by the helical orientation of cardiomyocytes in the
healthy heart. From these results we believe that left
ventricular torsion is mainly a consequence of the rela-
tive orientations and moments of torque of the sub-epi-
cardial relative to the sub-endocardial myocyte layers,
with influence from tethering of the heart to the med-
iastinum and great vessels and the directional forces
associated with blood flow. Whether assessment of these
detailed systolic and diastolic parameters would assist in
the early diagnosis of cardiac disease requires further
evaluation.
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